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INTRODUCTION
Obesity-induced insulin resistance (IR) is tightly associ-
ated with type 2 diabetes mellitus (DM), one of the most 
severe world-spread multifactorial age-dependent meta-
bolic diseases, accompanied by numerous complications. 
According to the International Diabetes Federation, as 
of 2015, there were 415 million patients on the planet, 
and as to forecasts for 2040 the number of people with 
DM will increase to 642 million, acquiring the scale of 
the “non-infectious” epidemic of the 21st century [1,2]. 
Nowadays, there has been recorded an obvious aging of 
the population – an increase in the number of people over 
60 throughout the world. Significant prevalence of DM, as 
well as IR and obesity, in particular is characteristic of such 
age category, which makes this pathology one of the main 
objects of gerontological research.

     With continuing efforts to explore the structural 
basis for diabetes onset, progressive decline of β-cells of 
Langerhans pancreatic islets (PI) is established as a salient 
feature of type 2 DM [3]. That is why the mechanisms of cell 
failure and death, associated with the pathogenesis of this 
disease, are of great imp33ortance in the study of diabetes 
pathophysiology in different age [4-8].  Based on molecular 

biological studies, β-cells death in diabetic animal models 
has been attributed to oxidative stress and endoplasmic 
reticulum (ER) stress, as well as autophagy deficits [3, 9]. 
Thus, it is conceivable that oxidative stress damage has 
the strongest impact on these cells failure [10]. Pancreatic 
β-cell loss by apoptosis appears to play a crucial role in the 
development of insulin deficiency and the onset of CD [5]. 
Thus its age-dependent peculiarities should be taken into 
account for evaluation of the disease severity, prognosis 
and the effectiveness of various therapeutic approaches.

     Evidently, β-cells are found to be more plastic, than 
previously thought, pointing towards the existence of pow-
erful survival pathways. Their potentials for transdifferen-
tiation and reversibility should be vigorously elucidated 
and could be a target of the future diabetes treatment [3, 6, 
11]. In a large number of studies devoted to the search for 
DM correction methods, there are numerous researches in 
the field of the therapy with minor lipids that belong to the 
N-Acylethanolamines family and mediate a wide range of 
biological and pathological processes by interacting with 
cannabinoid and noncannabinoid receptors [12,13]. Recent 
studies indicate that N-Stearoylethanolamine (NSE), a bio-
active N-Acylethanolamine, has the membrane-stabilizing, 
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ABSTRACT
The aim: To determine the set of structural and functional changes in pancreatic islets (PI) of obesity-induced insulin resistant (IR) rats of different age (young and old) fed with 
prolonged (6 month) high-fat diet (HFD) (58% of fat) and further treatment with N-Stearoylethanolamine (NSE), a bioactive N-Acylethanolamine.
Materials and methods: Alimentary obesity-induced IR model in rats of two age groups was used to investigate the influence of age and NSE treatment on pancreas morphology 
(using histological, histochemical and immunohistochemical techniques) and on several biochemical parameters associated with DM onset.
Results: The NSE administration normalized pancreas morphology which was more affected in the old IR group; the signs of inflammation, edema, fibrosis and steatosis 
were somehow diminished and PI area became significantly increased. The amount of the A-F-positive insulocytes increased and TUNEL-positive – decreased. Compensatory 
hyperplasia in the affected pancreas of both age was an important indicator of NSE stimulating effect.
Conclusions: Protective effects of NSE on morpho-functional state of pancreas in HFD-induced IR rats of both age are associated not only with its anti-inflammatory, anti-oxidant 
and anti-dyslipidemic properties but also with activation of PI hyperplasia and β-cells compensatory mechanisms.
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anti-inflammatory anti-oxidant and anti-dyslipidemic 
action. It is able to regulate lipid metabolism, to improve 
the fatty acid imbalance and normalize the phospholipid 
levels. Such NSE-induced changes were associated with a 
normalization of plasma triglyceride content, considerable 
decrease of insulin and index HOMA-IR level in rats under 
IR conditions [12].

All this determines the need to investigate morpho-func-
tional background of PI in the modeling of obesity-induced 
IR and its correction with NSE, taking into account the 
age-dependent features of these processes.

THE AIM
The purpose of the research – to study the structural, func-
tional and morphometric features, as well as the intensity 
of apoptosis, in pancreatic islets of obesity-induced insulin 
resistant rats of different age (young and old) fed with 
prolonged (6 month) high-fat diet (HFD) (58% of fat) and 
further treatment with N-Stearoylethanolamine (NSE), a 
bioactive N-acylethanolamine. 

MATERIALS  AND  METHODS
Animal Model and Treatment. The study was carried out 
on male Sprague–Dawley rats of two age groups – young 
(4 mo at the beginning and 10 mo at the end of the ex-
periment) and old (16 and 22 mo, respectively). All the 
experiments were carried out according to the existing 
bioethical norms of the “European Convention for the 
Protection of Vertebrate Animals used for Experimental 
and other Scientific Purposes” (Strasbourg, 1986), as well 
as article 26 of the Law of Ukraine “On the Protection of 
Animals against Cruelty” (No. 3447-IV, 21.02.2006). Rats 
were housed in standard cages with free access to food 
and water.

     Obesity-induced IR was attained by feeding a pro-
longed HFD (58 % fat:23% proteins:10 % carbohydrates for 
6 months) as described earlier [12]. The amount of lipids 
in the diet was increased by adding of lard to the pellet 
diet, which contained a high level of palmitic (24 % of to-
tal fatty acids (FA)) and stearic (28 % of total acids) acids. 
The HFD–FA composition was at a ratio of 55 % saturated 
(SFA) to 45 % unsaturated FA (USFA). Control rats were 
on normal pellet diet (4 % fat:23 % proteins:65 % carbo-
hydrates) with SFA/USFA ratio 38 %/62 %, respectively. 

     Six months after HFD period, we conducted the oral 
glucose tolerance test [12, 13]. The rats of each age group 
(young and old) with impaired glucose tolerance (the level 
of blood glucose within 150 min after the oral glucose 
administration was higher than 5 mmol/l) were selected 
and divided randomly into two groups: IR (young – n =16;  
old – n =12) and IR + NSE (young – n = 15;  old – n=12). 
Control rats were further subdivided into control (young 
– n =4; old – n =3) and NSE (young – n =3; old – n =3) 
groups. Animals in NSE and IR + NSE groups received the 
water suspension of NSE at the dose of 50 mg body weight 
kg -1 per os for 2 weeks. This particular dose of NSE has 

been chosen as an optimal reacting dose for the biological 
effect investigations [12, 13]. At the end of the experiments, 
the rats were decapitated under Nembutal anesthesia (50 
mg/kg body weight). 

Biochemical Analysis. Blood glucose levels were 
controlled using glucometer Rightest GM-110 (Bionime 
GmbH, Switzerland). The establishment of IR was con-
firmed based on the results of fasting plasma insulin levels 
(measured by Rat Insulin ELISA kit, Thermo Fisher Scien-
tific, USA) and HOMA-IR (homeostatic model assessment 
– insulin resistance) value [calculated by fasting insulin 
(μIU/mL) x fasting glucose (mmol/L)/22.5]. 

Histological Examination. The pancreas was immedi-
ately removed and fixed in Bouin’s solution. After dehydra-
tion the tissue samples were processed for the embedding 
in Paraplast® (type 6, Richard-Allan Scientific, USA). Serial 
sections (5 μm) were cut on a rotation microtome HM 325 
(Microm, Germany) and then stained with hematoxylin 
and eosin (H & E) and Gomori’s Aldehyde-Fuchsin (A-F) 
for detection of secretory granules in β-cells. The obtained 
histological specimens were studied and photographed 
at x40, x100, x200 and x400 magnification using a BX51 
microscope and DP-Soft 3.2 software (Olympus, Japan). 
In all studied groups of experimental animals (control, 
IR, IR+NSE in two ages) the following morphometric 
parameters were estimated: the area of PI, their number 
per 1 mm2 of the pancreas sections, the specific volume of 
endocrine tissue in the total volume of pancreas; specific 
volume of A-F-positive β-cells in the total volume of PI. 

TUNEL-staining. Apoptosis was detected using TUNEL 
assay with ApopTag® Plus Peroxidase In Situ Apoptosis 
Detection Kit (Chemicon, USA). TUNEL staining was 
performed according to the protocol provided with the 
kit. The apoptotic index (AI) was calculated as the number 
of TUNEL-positive cells per 1 mm2 of the PI section area. 

Statistical Analysis. Statistical processing of the mor-
phometric study data was performed using the Statistica 
13 and GraphPad Prism 8 programs. Variational raws of 
data were preliminary checked to fit normal distribution, 
using for this purpose analysis of frequencies, and Lilliefors 
and Shapiro-Wilk test criteria. The obtained data were 
presented as mean value (M) and its standard error (SE), 
as well as minimal and maximal values, median (Me) and 
95% of the confidence interval [95% CI]. Estimation of 
the statistic hypotheses during comparison of two inde-
pendent groups was performed using Mann Whitney U 
and Kolmogorov-Smirnov criteria at α=0.05.

 

RESULTS

BIOCHEMICAL AND PHYSIOLOGICAL RESULTS
Throughout the experiments, the rats were gaining weight 
gradually. On the 24th week, the average weight of HFD rats 
was higher (due to visceral fat) in comparison with control 
rats. The obesity was more prominent in the old IR rats 
compared to the young that reflects the age differences in 
the rate of their metabolism. There was an elevation in fast-
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ing blood glucose and serum insulin in HFD rats of both 
age. NSE treatment somehow normalized these values – in 
the young rats to a greater extent than in the old (Table 1).

HISTOLOGICAL FINDINGS
Morphological examination of the control animals’ pan-
creata revealed its typical architecture in both age groups. 
Endocrine cells formed aggregates (islets) of various sizes 
and shape, more often small, ellipsoid or spherical. The PI 
epithelial cells were separated by a network of anastomos-
ing capillaries. The morphometric parameters (the PI area 
and the specific volume of PI in the total volume of the 
pancreatic tissue) did not display significant age-related 
differences (Fig.1 a, b). However, in the old control some 
dystrophic changes of insulocytes, small accumulations 

of macrophages in peripheral connective tissue, as well as 
islet vessel dilatation, were demonstrated. 

     The number of insulocytes with A-F-positive secretory 
granules in the cytoplasm (the indicator of PI functional 
activity) differed a little in the young and old control an-
imals, although its spread was significantly larger in the 
old, which reflects the heterogeneity of the morphological 
features that is generally characteristic of aging (Fig. 1 c).

Obesity-induced IR rats demonstrated severely disor-
ganized PI architecture in both age groups. The contour 
of the islets and their shape became irregular (Fig. 2a). PI 
appeared to be larger in size and quantitatively more nu-
merous compared with normal-diet controls in the young 
group whereas these values didn’t change significantly in 
the old animals (Fig.1 a, b). At the same time the number 
of insulocytes with structural disarrangements and dys-

Table I. Body weight and several biochemical parameters in the control and treated rat groups (M±SE)
Young Old

Parameter Control C+NSE IR IR+NSE Control C+NSE IR IR+NSE

Body weight (g) 479.0± 
24.91

506.33± 
36.29

500.0± 
11.50

509.81± 
16.74

480.20± 
19.21

489.33± 
15.40

577.0± 
38.29

611.2± 
29.58

Blood glucose 
(mmol/L)

3.70± 
0.19

3.73± 
0.09

5.94± 
0.24

4.93± 
0.09

4.63± 
0.32

4.90± 
0.42

5.93± 
0.19

5.39± 
0.34

Serum insulin 
(μIU/mL)

0.57± 
0.04

1.46± 
0.08

2.45± 
0.60

1.97± 
0.35

2.86± 
0.93

3.45± 
0.08

4.24± 
1.43

2.47± 
0.45

HOMA 0.09 0.24 0.65 0.43 0.59 0.75 1.12 0.59

Fig 1.  PI area (a), specific volume of 
endocrine tissue in the total volume of 
pancreas (b), specific volume of A-F-
positive cells in the total volume of PI 
(c), number of TUNEL-positive cells per 
mm2 of PI (d) of young and old rats of 
various experimental groups (Control, 
NSE, IR, IR+NSE); mean with 95% 
CI on a), c), d), mean with SE on b); 
P < 0.05: * – vs C-young, # – vs 
C-y+NSE, † – vs IR-young, $ – vs 
C-old, & – vs IR-old.
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Fig 2.  PI of young IR (a) and IP+NSE (b) rats with low and high histochemical activity of insulocytes (Aldehyde-Fuchsin staining).

Fig 3.  Pancreatic sections of old (a) and young (b, c) rats of IR+NSE groups. Irregular shape and hyperplasia of PI (a). Hyperplasia of PI cells (b) and duct 
epithelium (arrows) (c). (H & E).  
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trophic changes, as well as edema of their cytoplasm, was 
much higher in the old IR rats compared to young. The 
damaged islets were also more numerous in the old age 
group. Pronounced islet vessel dilatation was observed as 
well (Fig.2 a). Moreover, the presence of inflammatory in-
filtration as well as fibrosis were found in PI of the predom-
inantly old animals. Besides it was possible to observe fatty 
replacement of the exocrine pancreas in both age groups 
(more pronounced in the old) which is the manifestation 
of pancreas steatosis in long-term HFD treated animals. 

     While inducing IR, the level of functional activity of 
the insulocytes decreased sharply in the rats of both age, 
reflecting the deeper destructive, dystrophic and atrophic 
processes in the PI of obesity-induced IR animals. The 
A-F-positive area in affected pancreas was significantly 
smaller than in normal conditions (Fig. 1 c). There were in-
sulocytes that had very few secretory A-F-positive granules 
in their cytoplasm that corresponds to reduced number of 
the functionally active β-cells that is resulting in decrease 
of insulin secretion (Fig. 2 a).

Obesity-induced IR rats treated with NSE showed pro-
nounced changes of PI architecture in both age groups. 
Though their morphology was normalized to a certain 
extent, the quantitative parameters of PI changed evidently 
(Fig. 1 a, b). Islet size was significantly increased in groups 
IR+NSE compared both to IR and control groups (Fig. 3 
a). The islets became both enlarged and much more ir-
regular in shape; sometimes they lost the oval-like shape 
and spread along the pancreas. Such PI enlargement was 
associated with islet cells hyperplasia that was observed 
not only in IR+NSE groups but also in control animals that 
received NSE (Fig.3 b). Moreover, there has been shown 
the hyperplasia and hypertrophy of duct wall epithelium 
which is considered to be primitive precursor cells and a 
primordium of islets (Fig.3 c). The level of inflammatory 
infiltration was reduced in PI of IR+NSE young animals 
more then in old ones and the islet vessel dilatation was 
also a little bit declined in these groups.

In IR+NSE groups the amount of insulocytes with 
A-F-positive secretory granules in their cytoplasm in-
creased compared to HFD treated animals that did not 
receive NSE, though these parameters did not gain the 
control values (Fig.1 c, 2 b). 

TUNEL IMMUNOHISTOCHEMISTRY
Apoptotic cells were detected by TUNEL assay and ap-
peared as brown-stained. The level of apoptosis in PI was 
significantly higher in old control animals compared to 
young due to age-related changes in the gland (Fig. 1 d).  

While inducing IR, AI in PI increased significantly, es-
pecially in the old rats, being correlated with much deeper 
structural damage of the pancreas, that was noted in this 
age group. The IR+NSE groups showed a decrease of AI 
in PI compared to the animals that did not receive NSE 
treatment (Fig.1 d). That is an objective criterion for the 
effectiveness of this kind of therapy.

DISCUSSION
The age aspect of the CD pathomorphosis acquires spe-
cial attention not only due to an obvious increase in the 
prevalence of this pathology with age, but also because a 
number of its manifestations, in terms of their morpho-
logical characteristics, resemble the age changes typical 
for normal physiological aging. Evidently, the pre-existing 
age-related morphological and functional alterations in 
various organs contribute to the development of deeper 
diabetic lesions, which has been confirmed by our previ-
ous data [7,8]. Our study of the corrective effects of gene 
therapy (with PEI-pDNA complex containing the human 
preproinsulin gene) on the morphological and functional 
characteristics of various mice organs, including pancre-
as, at streptozotocin-induced DM showed its different 
efficacy in different age: high effectiveness in the young 
animals and a slight effect, its absence, or even additional 
deteriorations (e.g. insulitis) in the old ones. So the effects 
of gene therapy application in this mice model appeared 
to be age-dependent.

In this study, performed on the rat model of HFD-in-
duced obesity, IR and subsequent type 2 diabetes, we did 
not determine demonstrative and pronounced age-related 
differences in the effectiveness of NSE treatment which is 
considered to be a novel anti-diabetic drug [12, 13]. Thus, 
pharmacological treatment with NSE of obesity-induced 
IR rats appeared to be rather effective in both ages despite 
of definite age-related distinctions in their reaction to the 
long-term HFD treatment, as has been shown in this study. 

The NSE administration normalized to a certain degree 
pancreas morphology which was more affected in the old IR 
group; the signs of inflammation, edema, fibrosis and steatosis 
were somehow diminished. The amount of the A-F-positive 
insulocytes increased and TUNEL-positive – decreased. In 
addition, the NSE treatment stimulated the development of 
compensatory hyperplasia in the affected pancreas, which is 
an important indicator of its protective effects on the IR ani-
mals’ pancreas of both age, supporting the role for divergent 
mechanisms in controlling adaptation to metabolic demand.

Despite the existence of contradictory data, the view-
points about the worsening of β-cells function in aging, 
the decrease in their proliferative activity and the increase 
in the apoptosis level prevail in the literature [3, 6]. At the 
same time, numerous studies performed in animal models, 
as well as in patients with DM, associated with the study of 
the mechanisms of injury, death, regeneration and adapta-
tion of β-cells, indicate that they have greater plasticity than 
previously thought, which allows to consider them to be a 
perspective target for finding new ways for DM treatment 
[3, 6, 11]. The potential mechanisms of β-cell regeneration, 
including their self-replication, neogenesis from non-β-cell 
precursors and transdifferentiation from a-cells, as well as 
tissue stem cells, are discussed by the different authors [3, 
14,15]. The ability of the pancreas to regenerate mature 
β-cells is explored in pathological conditions, including 
diabetes and inflammatory injury. 

Our findings of the pronounced PI compensatory hyper-
plasia as well as the duct epithelium activation after NSE 



Tatiana Yu. Kvitnitskaya-Ryzhova et al. 

246

administration both in the intact and in the HFD-induced 
IR rats of different age revealed the strong capacity for islets 
regeneration that is preserved even in the old. Such results 
concerning impressive plasticity of the endocrine pancre-
as of adult and even old animals under pharmacological 
activation are especially important, since they can help to 
clarify the characteristic features of corrective effects at 
this disease in old age.

CONCLUSIONS
Our data obtained by biochemical, histological, histochem-
ical and immunohistochemical techniques confirmed the 
development of PI histopathological alterations in the 
obesity-induced IR rats of two age groups fed with pro-
longed (6 mo) HFD, which were more pronounced in the 
old animals. The NSE administration normalized pancreas 
morphology: the signs of inflammation, edema, fibrosis 
and steatosis were somehow diminished. The amount of 
the functionally active A-F-positive insulocytes increased 
and TUNEL-positive cells, involved in apoptosis process 
– decreased. This serves an objective criterion for the ef-
fectiveness of such kind of therapy.

Our findings of the pronounced PI compensatory hyper-
plasia as well as the duct epithelium activation after NSE 
administration both in the intact and in the HFD-induced 
IR rats of different age revealed the strong capacity for islets 
regeneration, enlargement and activation that is preserved 
even in the old animals.  

The protective effect of NSE on morpho-functional state 
of pancreas in HFD-induced IR rats of different age can be 
associated not only with its anti-inflammatory, anti-oxidant 
and anti-dyslipidemic properties but also with its capac-
ity to activate PI hyperplasia and β-cells compensatory 
mechanisms.
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